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Introduction
Humans and mice contain 2 well-characterized heme oxygenase (HO) enzymes: HO-1, which is inducible, and HO-2, which is constitutively expressed in most tissues. 1, 2 HO metabolizes heme and releases free iron, carbon monoxide, and biliverdin, which quickly undergoes conversion to bilirubin. Red blood cells (RBCs) contain very high concentrations of hemoglobin (Hb), 3, 4 but HO allows efficient recycling of the iron that is bound to Hb molecules in RBCs. On phagocytosis of senescent RBCs, macrophages increase their expression of HO-1 to efficiently degrade heme, and iron returns to the circulation through the iron exporter ferroportin. 5 Excess free heme is highly toxic in the circulation, 4 and protective systems exist that enable animals to avoid toxicity caused by free heme and free Hb. Hemopexin (Hpx) is a heme-binding serum protein that scavenges free heme in the circulation, 6, 7 and haptoglobin (Hp) binds free Hb, 8, 9 whereupon the Hb-Hp complex is endocytosed through the CD163 receptor 10 and is metabolized by macrophages.
Previous work in mouse models has shown that the lack of both HOs is embryonically lethal, whereas work on an HO-1 Ϫ/Ϫ mouse model 11, 12 and a single HO-1-deficient human patient revealed that both the HO-1 Ϫ/Ϫ mouse and the human patient were anemic. 13 However, splenomegaly was described in the mouse model, 11, 12 whereas hyposplenia was present in the human patient. 14 Hepatic and renal iron overload was observed in the patient and in mouse models, but the mechanism for iron redistribution was not clear. HO-1 deficiency was discovered in a single patient with hemolytic anemia when his physicians noted that free heme levels were elevated, but bilirubin levels were not concomitantly elevated, as would be expected in the normal response to hemolysis. 15 The patient had 2 abnormal alleles, with a complete deletion of exon 2 in the maternal allele and a 2-nucleotide deletion in exon 3 of the paternal allele. 13 Here, to understand the redistribution of tissue iron and the anemia of the HO-1 Ϫ/Ϫ mice and the previously described human patient, we analyzed iron parameters and macrophage populations of spleen, liver, and kidney of HO-1 Ϫ/Ϫ mice at several ages ranging from 1.5 to 22 months, measuring expression of numerous genes, including Hpx, Hp, ferroportin (Fpn1, also known as Slc40a1), and ferritin (Fth1, Ft12). We discovered that the phenotype of HO-1 Ϫ/Ϫ animals evolved significantly as animals aged, and the inability of erythrophagocytosing HO-1 Ϫ/Ϫ macrophages to catabolize heme appeared to be the fundamental cause of intravascular hemolysis, tissue fibrosis, and tissue iron redistribution. Macrophages that expressed the Hp receptor CD163 were not detectable in the liver and spleens of HO-1 Ϫ/Ϫ animals, resulting in decreased ability to clear Hb from blood. We postulate that the loss of CD163-expressing macrophages, along with the diminished ability of hepatocytes to degrade heme delivered by HPX, increased heme-dependent damage to tissues and caused a significant shift of heme uptake to the kidney. see the Supplemental Materials link at the top of the online article) to generate HO1 Ϫ/Ϫ animals. All animal studies were approved by the National Institute of Child Health and Human Development Animal Care and Use Committee.
Blood counts, transferrin saturation calculations, quantitative reversetranscribed polymerase chain reaction (RT-PCR), bone marrow (BM) extraction and macrophage culture, growth of macrophage cultures, erythrophagocytosis experiments, histochemistry, and Western blots were performed as described previously, 16, 17 with antibodies as described in supplemental data. Anti-HPX antibodies were a generous gift from Ann Smith (University of Missouri, Kansas City, MO).
Imaging
All images were captured in brightfield and fluorescence mode with a Nikon Eclipse E600 microscope using a Nikon DXM1200F digital camera and Nikon ACT-1 Version 2.62 software. Minimal image manipulations were performed with Adobe Photoshop Version 7.0. The following Nikon objectives were used to capture images in the indicated figure panels: 4ϫ/0.20 ( Figure 3A 
Results

Impact of HO-1 deficiency on spleen morphology and its functional capability: a temporal study
In comparing the previously described HO-1 Ϫ/Ϫ mouse model 11 and a HO-1 Ϫ/Ϫ human patient, 13 a major discrepancy between the 2 clinical descriptions was that splenomegaly was described in the HO-1 Ϫ/Ϫ mouse, whereas the human patient had asplenia. 15 The single human patient received many different therapeutic interventions until his death at 6 years of age, and it was not clear whether the asplenia was a normal manifestation of disease or a side effect of attempted treatments. 15 To better understand the splenic pathology of HO-1 Ϫ/Ϫ mice, we analyzed splenic function, morphology, and iron status in HO-1 Ϫ/Ϫ mice at different ages. Spleen size was markedly increased in young HO-1 Ϫ/Ϫ animals compared with wild-type (WT); but in older animals, the spleen size of HO-1 Ϫ/Ϫ animals gradually diminished to smaller than WT. The spleen to brain weight ratio, a standard method of measuring organ weight changes, 18 was more than twice as high in HO-1 Ϫ/Ϫ (P Ͻ .001) compared with WT mice among the animals less than 9 months old, whereas spleen size was decreased 1.6-fold (P Ͻ .05) in older animals compared with WT counterparts. In contrast, the spleen to brain ratios were equal in both WT age groups ( Figure 1A ). Histologic examination revealed that red pulp areas were enlarged in the spleens of young HO-1 Ϫ/Ϫ mice, but red pulp areas were replaced by fibrotic tissue and fewer RBCs were observed in the shrunken spleens of older mice. This profound change in spleen morphology was readily observed on hematoxylin and eosin-stained slides from paraffin-embedded tissues (supplemental Figure 1 ). Masson trichrome staining revealed that significant fibrosis developed in the spleen of HO-1 Ϫ/Ϫ animals ( Figure  1B) . Collagen deposition increased with age, until more than 50% of red pulp was replaced by collagen at the age of one year. Consistent with the loss of functional red pulp, large numbers of erythrocytes with Howell-Jolly bodies and numerous abnormally shaped RBCs were found on peripheral blood smears of older animals, and platelets were increased ( Figure 1C ). These results indicated that hyposplenia gradually develops in aging HO-1 Ϫ/Ϫ animals during the natural course of disease, accounting for abnormal peripheral blood smears and suggesting that intravascular hemolysis of senescent RBCs probably occurs. As previously reported, HO-1 Ϫ/Ϫ mice were anemic, and transferrin saturation levels were significantly diminished (Table 1) , whereas hepcidin 19 levels and erythropoietin levels were equivalent to WT levels (supplemental Figure 2 ). The white blood counts and neutrophils, lymphocytes, and monocytes in particular were 2-fold increased, but the differences were not statistically significant (supplemental Figure 3 ).
CD163 ؉ macrophage depletion in spleen, liver, and BM
Expression of the Hb scavenger protein Hp was 2.2-fold increased (P Ͻ .001) in the liver of HO-1 Ϫ/Ϫ mice (Figure 2A ), consistent with a response to intravascular hemolysis, which probably occurred because HO-1 Ϫ/Ϫ macrophages that phagocytosed senescent erythrocytes in the spleen and liver were prone to spontaneous rupture ( Figure 3 ). Expression of CD163, 20 the macrophage In mice younger than 9 months, the spleen to brain weight ratio of HO-1 Ϫ/Ϫ mice (n ϭ 6) was 2.3-fold (P Ͻ .001) higher than in WT (n ϭ 6), whereas HO-1 Ϫ/Ϫ mice older than 9 months (n ϭ 6) had on average 1.6-fold (P Ͻ .05) smaller spleens than their WT counterparts (n ϭ 4). Error bars represent SD of the mean. Graphing of individual spleen/brain ratios (right panel) indicated that splenic swelling was notable in young HO-1 Ϫ/Ϫ mice, whereas older mice had progressively more severe atrophy. (B) Progressive fibrosis developed in the red pulp of aging HO-1 Ϫ/Ϫ mice as observed by Masson trichrome histochemistry. Arrowheads point to collagen fibers, which appear as blue streaks. (C) Peripheral blood smears of HO-1 Ϫ/Ϫ mice showed increased numbers of abnormally shaped RBCs (arrowheads) and numerous cells with Howell-Jolly bodies (arrows). Four animals from each group were examined. One typical sample of WT and 2 of HO-1 Ϫ/Ϫ (14 months old) are shown.
receptor for Hb-Hp complexes, was dramatically lower in the spleen, liver, and BM of HO-1 Ϫ/Ϫ animals ( Figure 2B ). Considering that CD163 expression is unique to a subset of macrophages that is incompletely defined in the mouse, this finding suggested that the size of the resident macrophage population was markedly reduced in the spleen, liver, and BM of HO-1 Ϫ/Ϫ animals. However, CD163 expression in the HO-1 Ϫ/Ϫ kidney ( Figure 2B ) was even higher than in WT, demonstrating that the presence of HO-1 was not critical for the development of CD163-expressing cells. The absence of CD163 ϩ cells in the spleen, liver, and BM environment suggested that CD163 ϩ macrophages could not survive in these tissues, perhaps because macrophages in these tissues have extensive contact with blood, and they consequently must contend with the high exposure to heme that results from phagocytosis of senescent RBCs and uptake of circulating Hb-Hp complexes. To use a different marker to detect tissue macrophages, we stained tissues with an antibody for the macrophage-specific marker F4/80 and again observed that the macrophage populations of spleen and liver were markedly diminished in HO-1 Ϫ/Ϫ animals ( Figure 2C ). In contrast, the number of F4/80 ϩ cells was higher in HO-1 Ϫ/Ϫ kidneys, which was in good agreement with the high CD163 expression observed in HO-1 Ϫ/Ϫ kidneys. Our data are also consistent with previous observations that HO-1 Ϫ/Ϫ kidneys transcribe increased amounts of the monocyte attractant MCP1. 21, 22 
Progressive death of erythrophagocytosing HO-1-deficient BMDMs
To test the hypothesis that erythrophagocytosis (EPC) can be damaging for HO-1-deficient macrophages, we cultured BMderived macrophages (BMDMs) from WT and HO-1 Ϫ/Ϫ animals and exposed the macrophages to RBCs opsonized with antimouse RBC antibodies in vitro. The differentiation, proliferation rate, and morphologic characteristics of macrophages from HO-1 Ϫ/Ϫ animals were indistinguishable from their WT counterparts, and the ability of macrophages to phagocytose pretreated erythrocytes was equally efficient in HO-1 Ϫ/Ϫ and WT macrophages ( Figure  3A) . Indeed, each cell was able to phagocytose all of the RBCs with which it made physical contact, engulfing from one to 20 erythrocytes simultaneously. The difference between WT and HO-1 Ϫ/Ϫ macrophages started to develop 3 to 5 hours after phagocytosis when active processes of digestion took place. We observed partial restoration of cell morphology in some WT cells 3 to 5 hours after phagocytosis, and WT cells developed normal spreading and attachments by 24 hours, whereas the morphology of HO-1 Ϫ/Ϫ cells was distinctly abnormal at 24 hours: cell bodies remained shrunken and did not regain their normal shape ( Figure 3A) .
To investigate the integrity of HO-1 Ϫ/Ϫ macrophages after EPC, we used a lactate dehydrogenase (LDH)-based toxicology assay. Four hours after EPC, 13% of total LDH was detected in the culture medium of both WT and HO-1 Ϫ/Ϫ BMDMs. The fraction of LDH found in the culture media of WT cells increased only slightly to 17% and 18% at time points 17 and 24 hours, respectively ( Figure  3B ). In contrast, HO-1 Ϫ/Ϫ cells released 51% and 59% of LDH 17 and 24 hours after EPC, which corresponded to 3-and 3.3-fold increases, respectively (P Ͻ .001) compared with the WT cells ( Figure 3B ). After EPC, HO-1 mRNA expression rose sharply in WT BMDMs, increasing 5-, 37-, and 33-fold at the 1, 3, and 6-hour time points, respectively, compared with control, and later quickly returning to near the baseline level, consistent with the importance of this gene in maintaining safe levels of heme within cells. As HO-2 expression is not inducible, HO activity did not increase after EPC, even in the HO-1 Ϫ/Ϫ cells ( Figure 3C bottom panel), and lack Data are mean Ϯ SD. In contrast, expression of CD163 in kidney was increased 3-fold (P Ͻ .01). Data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression (n ϭ 5 for each WT and HO-1 Ϫ/Ϫ mice). All mice were 12 months old. Error bars represent SD of the mean. (C) Immunohistochemistry for the pan-macrophage marker, F4/80, indicated that the resident macrophage populations of the spleen and liver were markedly reduced in HO-1 Ϫ/Ϫ animals. Arrowheads point to diaminobenzidine positively stained macrophages (brown staining). The increased number of F4/80 ϩ cells in kidneys correlates with the elevated CD163 expression. Two different fields are shown for the tissue samples of the same HO-1 Ϫ/Ϫ mice. All animals were 12 months old.
of sufficient HO probably caused significant stress mediated by free heme. When iron was released as a result of heme breakdown by HO-1 in WT macrophages, mRNA expression levels of the iron exporter Fpn1 increased. We observed that expression of Fpn1 correlated with HO-1 expression in WT macrophages, suggesting its importance in exporting iron released from heme ( Figure 3D ). In WT, Fpn1 mRNA levels increased up to 10-fold at 3 and 6 hours after EPC, and subsequently decreased. In contrast, this pattern of expression was distorted in HO-1-deficient microphages. The main differences from WT consisted of higher Fpn1 expression in HO-1 Ϫ/Ϫ at the 0-, 1-, 16-, and 24-hour time points (11-, 10-, 3-, and 3-fold; P Ͻ .001) compared with Fpn1 levels in WT ( Figure  3D ). This chronic elevation of Fpn1 mRNA expression in HO-1 Ϫ/Ϫ cells may be explained by the fact that the enhancer region of Fpn1 contains an active MARE/ARE element, which is inducible by heme and is the binding site for the transcriptional repressor Bach1 or the positive regulator Nrf2. 23 When heme binds to Bach1, its repressor activity is attenuated and Bach1 undergoes degradation in the cytosol. As a pro-oxidant, heme is involved in a process that stabilizes the positive regulator Nrf2. 23 Both Hmox1 and Fpn1 contain a MARE/ARE regulatory element in their upstream regulatory region, which may explain their coordinated expression in WT macrophages in response to heme challenge ( Figure 3C -D).
Increased HPX expression in liver, and its depletion in serum of HO-1 ؊/؊ mice
Hpx is the major inducible heme-binding protein in serum. 6 Both mRNA and protein levels of Hpx were significantly increased in liver lysates of HO-1 Ϫ/Ϫ mice ( Figure 4A-B ). mRNA levels were increased 5-fold in mice older than 12 months ( Figure 4A ) and 1.7-fold in 4-to 8-month-old mice (P Ͻ .05). Even at the age of 7 weeks, Hpx protein and mRNA levels were slightly increased, although results were not statistically significant (not shown).
Although the liver is the major site of Hpx expression, Hpx mRNA levels were also detectable in kidney and spleen. The trends and magnitude of Hpx mRNA changes in kidney and spleen (not shown) were, on average, very similar to those in liver. The increase of Hpx protein expression levels in the HO-1 Ϫ/Ϫ kidney was even more pronounced than in liver ( Figure 4B -C), although the absolute quantity of kidney Hpx was much lower in kidney lysates. The apparent increase of Hpx protein in the HO-1 Ϫ/Ϫ sample in kidney ( Figure 4C ) compared with Hpx in liver ( Figure  4B ) occurred because a longer film exposure was necessary to visualize Hpx in the WT kidney lysates. The simultaneous induction of Hpx expression in several different tissues suggests that Hpx expression may be induced by heme-mediated inflammatory stimuli. In a Western blot analysis of serum, we found that serum Hpx levels were lower in the HO-1 Ϫ/Ϫ than in WT mice ( Figure  4D ). This contradiction between increased hepatic expression and reduced serum levels was previously observed after experimental injection of hemin, 35 or 70 g/kg, in WT mice. 24 An even more severe decrease in serum Hpx level was reported in an HO-1deficient patient who had undetectable levels of Hpx in serum and died at the age of 6 years. 13 It is reasonable to postulate that Hpx is consumed at a much higher pace in HO-1 Ϫ/Ϫ mice because it scavenges free circulating heme. Hpx binds free heme and the heme-Hpx complexes are taken up by the receptor LRP1/CD91 in several different types of cells, including macrophages, hepatocytes, neurons, and syncytiotrophoblasts. 25 Under physiologically normal conditions, heme-Hpx complexes that attach to the Lrp1 receptor on the surface of hepatocytes are internalized through endocytosis, heme is released in the acidic environment of endosomes, and Hpx is thought to be released intact into the bloodstream. [26] [27] [28] However, under conditions of hemolysis, when large amounts of heme are released into circulation, saturation of the recycling system may occur, and it is thought that significant amounts of heme-Hpx complexes can be processed in lysosomes, which leads to degradation and depletion of serum Hpx. 25 The endothelial injuries that were observed in HO-1 Ϫ/Ϫ mice may allow penetration of heme-Hpx as well as heme-albumin complexes into the glomerular filtrate, and reabsorption may occur in the proximal tubule through nonspecific uptake mechanisms that involve megalin and cubulin receptor-mediated uptake. 29, 30 This notion is partially supported by results displayed in Figure 4C , where markedly increased levels of Hpx were observed in the lysates of HO-1 Ϫ/Ϫ kidneys.
Iron redistribution in spleen, kidney, and liver tissues of HO-1 ؊/؊ mice
To comprehensively analyze changes in tissue iron distribution in HO-1 ؊/؊ mice, we performed Perls Prussian blue staining on paraffin-embedded tissues. We observed that iron staining was markedly diminished in spleens of HO-1 Ϫ/Ϫ mice regardless of the age of the mouse ( Figure 5A ). Because most iron in WT spleens resides in macrophages, which are responsible for recycling iron from Hb of senescent RBCs, the lack of splenic HO-1 Ϫ/Ϫ macrophages probably accounts for reduced spleen iron. In the kidney, we observed a distinct pattern of increased iron staining in epithelial cells of the proximal tubules and some glomeruli ( Figure 5A ), similar to previous observations. 21 The phenomenon of significant iron increase in kidney is usually associated with diseases that increase intravascular hemolysis, such as sickle cell disease, malaria, and artificially induced intravascular hemolysis. The rerouting of iron to the kidney generally occurs when the heme-Hpx or Hb-Hp scavenging systems are compromised. For instance, in Hp null mice, Hb from lysed erythrocytes cannot be catabolized by CD163-expressing macrophages, and Hb is consequently trapped in the kidney where heme iron is extracted and deposited in proximal tubules. Similar proximal tubular iron overload is observed when intravascular hemolysis occurs in Hpx null mice. 8 Increased numbers of macrophages were observed with intensely positive iron staining in the interstitial areas between proximal tubules of HO-1 Ϫ/Ϫ mice ( Figure 2C ). Although macrophages are in intimate contact with renal tubules from early in development, 31 renal macrophages are not thought to have an important role in phagocytosis of circulating senescent RBCs, which may account for the prolonged survival of macrophages in the kidney relative to the spleen and liver. The macrophages we observed in kidney were probably inflammatory macrophages attracted by signaling molecules, including perhaps MCP1, 32 released by kidneys that were damaged by exposure to Hb and free heme and had decreased ability to process heme. Thus, these macrophages probably participate in removal of damaged cells from some injured proximal tubules, and these macrophages may acquire their increased iron through phagocytosis of damaged renal cells.
Increased iron deposition in the liver of HO-1 Ϫ/Ϫ mice has been previously reported, 11 and we also found increased liver iron ( Figure 5B) , although changes were not as striking as those we observed in spleen and kidney ( Figure 5A) . Hepatocytes had increased iron staining in HO-1 Ϫ/Ϫ mice, perhaps because hepatocytes of HO-1 Ϫ/Ϫ mice had to process increased amounts of heme-Hpx complexes, leading to increased hepatocytic iron stores. 33 In contrast to the increased iron in hepatocytes, almost no iron-positive Kupffer cells were present in HO-1 Ϫ/Ϫ liver, whereas Kupffer cells were loaded with iron in WT livers ( Figure 5B) . Thus, the main difference between WT and HO-1 Ϫ/Ϫ liver appeared to reflect a redistribution of iron between different liver cell types, rather than a significant overall increase in tissue iron content. Indeed, preliminary measurements of total nonheme iron showed no significant difference between WT and HO-1 Ϫ/Ϫ liver iron levels (not shown). The iron staining results were entirely consistent with our finding that lower numbers of macrophages were present in the spleens and livers of HO-1 Ϫ/Ϫ animals.
Heme iron recycling in HO-1 ؊/؊ kidney
To understand the significance and fate of the iron overload in the proximal tubules of HO-1 Ϫ/Ϫ mice, we assessed expression of key iron transport and storage proteins, including FPN1, H and L ferritin, and the putative bilirubin exporters, multidrug resistanceassociated proteins 2 (Mrp2) and 3 (Mrp3) in kidney lysates. Our results suggested that heme is metabolized by HO-2, which is constitutively expressed in most tissues at modest levels. Extra iron released from heme can be either stored in ferritin within proximal tubule cells or exported into the circulation by FPN1. H and L ferritin mRNA levels were significantly increased in HO-1 Ϫ/Ϫ kidney as measured by quantitative RT-PCR ( Figure 6A ). Increased L ferritin expression was observed in proximal tubules by immunofluorescence assays ( Figure 6B ). We also performed Western analysis of H and L ferritin in kidney lysates (not shown), and the results were consistent with quantitative RT-PCR data. Despite its lack of HO-1, the kidney appears to partially substitute for the spleen as a buffer for heme iron exchange. We also found that FPN1 mRNA expression increased 4-fold (P Ͻ .01) in kidneys of HO-1 Ϫ/Ϫ mice ( Figure 6D ). The increased FPN1 expression in HO-1 Ϫ/Ϫ kidneys probably increased their capacity to return iron to the circulation, and supports the idea that the kidneys can recycle iron retrieved from heme in the glomerular filtrate.
To support the idea that heme catabolism in kidney is substantially higher in HO-1 Ϫ/Ϫ mice, we analyzed expression levels of Mrp2 and Mrp3. These proteins are thought to function as transmembrane exporters for bilirubin, a product of heme catabolism. The mRNA expression levels of Mrp2 were 3-fold increased in the kidney but were unchanged in the liver of HO-1 Ϫ/Ϫ mice ( Figure 6C ), whereas the ubiquitously expressed bilirubin exporter of nonpolarized cells, Mrp3, was unchanged in both liver and kidney. Mrp2 is known to localize to the apical membrane of polarized cells, such as the canalicular membrane of hepatocytes, kidney proximal tubule epithelial cells, and enterocytes of the small intestine. 34 It is very probable that Mrp2 expression is elevated in the HO-1 Ϫ/Ϫ kidneys to secrete the extra bilirubin that they generate from increased heme catabolism.
Although normal blood urea nitrogen and creatinine levels suggested that renal function was not significantly compromised, we observed evidence of renal damage in older animals. Masson trichrome staining revealed higher levels of collagen deposition in the kidneys of HO-1 Ϫ/Ϫ than in WT mice. Increased collagen deposition was especially pronounced in 14-month-old mice (Figure 6E ) consistent with previous observations. 21 Development of fibrosis suggested that the kidneys of HO-1 Ϫ/Ϫ mice were exposed to a pathologic challenge, which probably consisted mainly of increased levels of heme in blood and glomerular filtrate.
Discussion
Heme is a unique compound that serves as a cofactor in proteins involved in oxygen transport, respiration, regulation of gene expression, and numerous enzymatic activities. 3, 4 However, excess heme can be very toxic, and intracellular heme biosynthesis is tightly regulated and coordinated with synthesis of hemecontaining proteins. Constitutive expression of HO-2 is sufficient to protect most cells from heme toxicity and to provide antioxidant protection by supplying cells with carbon monoxide, biliverdin, and bilirubin. However, HO-2 is not inducible, and it cannot fully catabolize large amounts of heme that are delivered from external sources such as erythrocytes. Expression of inducible HO-1 allows cells to quickly increase the HO activity to maintain safe levels of heme within cells. In the present study of the HO-1 Ϫ/Ϫ mouse, we attempted to understand the mechanism that underlies the major phenotypic developments in HO-1-deficient mammals. The findings summarized in our proposed model (Figure 7) suggest that disruption of normal recycling of erythrocytes by splenic and liver macrophages is, perhaps, the main factor that leads to other developments, including hyposplenism, intravascular hemolysis, endothelial and liver injury, and iron redistribution. It is also possible that depletion of macrophages in the BM contributed to the anemia.
Phagocytosis of senescent RBCs occurs mainly in the splenic macrophages and hepatic Kupffer cells. We observed that macrophages were almost completely absent in the spleen and liver of HO-1 Ϫ/Ϫ mice, as revealed both by extremely low expression of CD163, a macrophage-specific receptor for Hp-Hb complexes, and loss of the F4/80 immunohistochemical signal for macrophages ( Figure 2B-C) . We postulated that splenic macrophages died because they could not efficiently metabolize the heme contained in phagocytosed RBCs, analogous to the cell death that has been observed in normal macrophages that ingest too many RBCs, 35 and that absence of splenic macrophages accounted for the observed splenic iron depletion ( Figure 5A ). In HO-1 Ϫ/Ϫ mice, macrophages were also markedly reduced in the BM, as assessed by CD163 mRNA determinations, but CD163 expression was increased in the kidneys ( Figure 2B ) of HO-1 Ϫ/Ϫ mice, suggesting that there are no intrinsic problems with maturation of CD163 macrophages in HO-1 Ϫ/Ϫ animals. We demonstrated that EPC has a very adverse effect on HO-1 Ϫ/Ϫ macrophages in in vitro experiments. BMDMs from HO-1 Ϫ/Ϫ mice successfully phagocytosed RBCs, but they could not recover from heme stress, in contrast to WT BMDMs ( Figure 3A) , and they lost their cellular integrity and released the cytosolic enzyme LDH into the culture medium 24 hours after EPC ( Figure 3B ). Kidney tissue macrophages may survive ( Figure  2B -C) because they have no direct contact with blood, whereas splenic, hepatic, and BM erythrophagocytosing macrophages develop heme overload through EPC and increased Hb-Hp uptake. We suggest that there is a constant flow of monocytes into tissues, as we found that the number of monocytes in peripheral blood was not decreased in the HO-1 Ϫ/Ϫ animals (supplemental Figure 3) , and numerous F4/80 ϩ cells were observed within some vascular infiltrates in large liver vessels of HO-1 Ϫ/Ϫ mice (supplemental Figure 4B) .
In HO-1 Ϫ/Ϫ animals, senescent RBCs were no longer efficiently removed from the circulation, which probably led to increased intravascular hemolysis and a concomitant increase in levels of circulating Hb and heme. Hepatocytes responded to hemolysis by markedly increasing synthesis of the heme-scavenger protein Hpx (Figure 4 ) and the Hb-scavenger protein Hp (Figure 2A ). Heme-Hpx complexes are mostly cleared in liver, which can explain the increased iron levels observed in hepatocytes ( Figure 5B ). Inefficiency of heme catabolism in the absence of HO-1 has been previously reported to cause hepatic injury. 12 The observed depletion of Hpx in the serum of HO-1 Ϫ/Ϫ mice implies that Hpx and its recycling system have been intensively used to the point of saturation. Hb-Hp complexes are usually taken up by splenic and liver CD163 ϩ macrophages. Profound deficiency of these cells necessarily results in inefficient uptake of Hb-Hp complexes in the liver and spleen. As alternative mechanisms for removal of Hb-Hp from the circulation are unknown, the fate of these Hb-Hp complexes remains to be clarified. It is also unclear whether heme delivered to macrophages in Hb-Hp complexes through the CD163 receptor causes as much harm to the cells as does Hb that is obtained through EPC.
We propose that renal iron overload arises from uptake of Hb and other heme-binding proteins by proximal tubule cells after the macrophage-mediated heme recycling system is damaged. Increased expression of H and L ferritin in the proximal tubule cells, increased expression of the bilirubin exporter specific to polarized cells, Mrp2, and high renal expression of Fpn1 ( Figure 6A -D) all lead to the supposition that heme is successfully catabolized by the kidney, with release of iron through Fpn1 and bilirubin through Mrp2. Export of bilirubin directly into the urine represents an efficient way for an organism to rid itself of bilirubin when hemolysis occurs. Proximal tubule cells can metabolize heme using HO-2, and we postulate that they are spared the immediate toxic death observed in macrophages because they are exposed to the lower levels of heme in glomerular filtrate, rather than to the bolus of heme released when RBCs are phagocytosed.
Our work demonstrates several previously unknown points about HO-1 Ϫ/Ϫ mice that may be important in the correct diagnosis of human counterparts. In the natural history of the disease, splenomegaly develops initially, but hyposplenism develops in older HO-1 Ϫ/Ϫ mice and is associated with complete loss of splenic macrophages and red pulp atrophy. Fibrosis develops in HO-1 Ϫ/Ϫ spleens, and splenic size gradually diminishes as scarring progresses. The peripheral blood smear shows typical elements associated with hyposplenism, including RBCs with Howell-Jolly bodies. The anemia of HO-1 Ϫ/Ϫ may be partly caused by inflammation 4 and partly attributable to the functional iron deficiency that was revealed by the decreased transferrin saturations of the HO-1 Ϫ/Ϫ compared with WT littermates of the same background that we reported here. We did not further analyze systemic inflammation in this study, but we observed lymphocytic infiltrates and rarely some F4/80 ϩ macrophages in blood vessel walls (supplemental Figure  4) . Because inflammation generally increases hepcidin expression, whereas iron deficiency diminishes hepcidin expression, we suggest that hepcidin levels did not change (supplemental Figure  2 ) because these 2 opposing forces simultaneously influenced hepcidin expression. As outlined in Figure 7 , we suggest that the loss of hepatic and splenic macrophages shifts heme degradation to renal proximal tubules, which leads to renal fibrosis in older animals, and that splenic iron levels are low because of the loss of macrophages. In the liver, where Kupffer cells are almost undetectable, hepatocytic iron levels increase, probably because of uptake of large amounts of heme from heme-HPX complexes. Increased circulating heme and Hb leads to iron overload in renal proximal tubules.
Our demonstration that HO-1 Ϫ/Ϫ macrophages may die on EPC and that most of the pathologic changes of the spleen, liver, and kidney result from necrosis of macrophages suggests that patients with HO-1 Ϫ/Ϫ deficiency could possibly be cured by BM transplantation. Normal macrophage progenitor cells could potentially restore populations of splenic and liver macrophages, which would lead to restoration of the RBC and heme recycling system. Restoration of this system would diminish hemolysis and restore Hb-Hp clearance, which would minimize the damage caused by free heme to other tissues. The anemia would also probably be cured because normal iron recycling by macrophages would be restored and inflammatory stimuli would be minimized.
It is important to address the issue of relevance of our findings to human patients. There is apparently a difference between the ability of humans and mice to survive lack of HO-1 activity, as the reported human phenotype appeared to be more severe than we observed in the HO-1-deficient mice on mixed C57BL/6-FVB background. The possible cause of enhanced mouse survival may depend on a difference in biochemistry of the species. The mouse can synthesize large amounts of ascorbic acid, which helps to prevent oxidation of extracellular Hb to met-Hb. In contrast, humans cannot produce ascorbic acid; and by analogy with other species, it is probable that humans are prone to a much higher rate of heme oxidation than mice. 36 Oxidized heme more readily dissociates from the Hb molecule, and free heme is more harmful than bound heme. Thus, it is possible that complete absence of HO-1 in humans is not compatible with survival.
Nevertheless, we think there is much in common between the mouse and human HO-1 ؊/؊ phenotypes, including anemia, hyposplenism, endothelial, liver, and kidney injuries, and serum HPX depletion. The accumulation of Hp, which was reported in an HO-1-deficient patient, 15, 37 suggests that the patient most probably had fewer CD163-expressing macrophages because the serum Hp would have otherwise been depleted by the severe hemolysis observed in the patient. Thus, on the assumption that mechanisms of developing pathology at HO-1 deficiency are similar in both organisms, approaches developed for treatment of mice can be useful for therapy of HO-1-deficient patients. The hypothesis that BM transplantation would cure HO-1 Ϫ/Ϫ animals can be readily tested in HO-1 Ϫ/Ϫ mice and considered as a treatment for human HO-1-deficient patients. We anticipate that patients with partial loss of HO-1 function may exist and have less severe symptoms than were described for the reported human patient, and we suggest that our findings can help to identify other human HO-1-deficient patients. experiments; and T.A.R. oversaw the study, designed research, analyzed data, and wrote the paper.
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